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Effect of silicon doping on the elastic–plastic transition of GaAs crystal is demonstrated by results of nanoin-
dentations and ab initio simulations. The performed experiments show that an increase of silicon concentration
causes a decrease of the contact pressure at the onset of permanent nanodeformation of GaAs crystal. Ab initio
calculations demonstrate that presence of Si atoms in the crystal lattice suppresses the shear modulus as well as
the pressure of equilibrium between zinc-blende and rock-salt phases of GaAs. Furthermore, it is argued that the




The term “elastic–plastic transition” refers to the phe-
nomenon that breaks a reversible path of the elastic de-
formation, switching a material into the plastic state.
When induced by nanoindentation, this critical behav-
ior of a crystal lattice may manifest itself by the pop-
in, i.e., specific singularity of a load–displacement curve.
Interestingly, the nanoindentation experiment preformed
with sharp diamond indenter serves unique way to inves-
tigate mechanical properties of dislocation-free crystals.
Hence, the occurrence of pop-in is often explained by a
homogeneous nucleation of dislocations that was proved
not only for metals [1], but also for GaN [2] and SiC [3]
semiconductors.
Interestingly, the case of semiconductor crystals is
complex as understanding of their nanoscale plasticity
requires consideration the phase transformations in ad-
dition to the homogeneous nucleation of linear defects.
Silicon provides an example that course of deformation
depends on several transformations to a new phases: Si-II
and bct-5 during loading as well as Si-III, Si-XII and α-
Si during unloading [4]. Similarly, the nanoindentation-
induced plasticity of GaAs is affected by the phase trans-
formation from GaAs-I (zinc-blende (ZB), space group
F -43m, semiconducting) to GaAs-II (rock-salt(RS)-like,
space group Cmcm, metallic) structure. What is more,
the ZB→RS transformation initiates the transition from
elastic to plastic state of GaAs crystal [5, 6].
Another important factor affecting structural and me-
chanical properties of GaAs is an atomic doping. In gen-
eral, silicon as the n-type dopant is known to alter a
wide range of GaAs optoelectronic features [7] however,
impact of silicon on a course of the nanoscale elastic–
plastic transition is less explored. For that reason, this
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study is intended to show how silicon admixture influ-
ences the onset of the nanoindentation-induced plastic
deformation of GaAs crystal. This goal is directly re-
lated to the question how silicon impurities alter both
the elastic constants of ZB lattice and the equilibrium
between GaAs-I and GaAs-II phases. Finally, it will be
shown that the increase of silicon concentration favors
the phase transformation as an origin of GaAs plastic
nanodeformation and simultaneously increases the shear
stress required to release dislocation activity.
2. Results and discussion
Nanoindentations (Hysitron TI-950 triboindenter)
were performed on 1.5 µm thick crystals of (001) ZB-
GaAs doped with silicon concentration of 1 × 10+16,
1×10+17, and 1×10+18 1/cm3. Thin films were grown by
molecular beam epitaxy on 350 mm thick (100) epi-ready
GaAs substrates. Figure 1 shows the results of experi-
ments (49 for each sample) conducted with the Berkovich
diamond indenter. It is clear that the increase of the
silicon concentration slightly decreases the contact pres-
sure (pc = F/A, F — force, A — contact area) at the
elastic–plastic transition (pop-in event) of doped GaAs.
The estimated averaged pop-in pressures take the values
of pc(1× 10+16) ≈ 13.7± 0.4, pc(1× 10+17) ≈ 13.6± 0.3,
and pc(1× 10+18) ≈ 13.3± 0.3 GPa.
It is known from previous studies that silicon doping
decreases the density of dislocations during the growth of
a GaAs monocrystals [8] as well as inhibits the mobility
of dislocations under applied external stress [9]. Conse-
quently, assuming dislocation origin of GaAs plasticity,
one could expect to observe an increase of the mean con-
tact pressure of the elastic–plastic transition caused by
increasing silicon concentration. However, it is not the
case. The experimental data presented in Fig. 1 show the
opposite effect that suggests the non-dislocation origin of
the pop-in events. Indeed, the results of presented experi-
ments are in line with the outcomes of earlier nanoelectri-
cal [6] and loading rate dependent [10] measurements that
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Fig. 1. Nanoindentation experiments performed for
silicon doped GaAs crystal. (a) The representative P−h
curves corresponding to considered Si concentrations.
(b) The details of all experimental P−h curves recorded
in the vicinity of the elastic-plastic transition. The sys-
tematic suppression of the load at the onset of perma-
nent nanodeformation is clearly demonstrated. (c) The
relationship between mean value of the pop-in contact
pressure and Si concentration.
demonstrated GaAs-I→GaAs-II phase transformation as
the origin of nanoindentation induced plastic deformation
of GaAs. However, in order to confirm the phase trans-
formation as the cause of the elastic–plastic transition in
Si doped GaAs one ought to prove that the presence of
silicon dopants reduces the pressure of GaAs-I→GaAs-II
phase transformation and simultaneously increases the
critical shear stress required to initiate the dislocation
processes. Realization of these particular tasks makes
it necessary to estimate the silicon impact on both the
elastic constants of GaAs-I and the equilibrium between
GaAs-I and GaAs-II phases.
The ab initio calculations were carried out using the
Quantum-Espresso code [11]. The norm-conserving pseu-
dopotentials for Ga, As, and Si were adapted from the
PSlibrary [11] while the other basic details of calculations
can be summarized as follows: the exchange-correlation
energy functional was expressed by the Perdew–Zunger
approximation [12], the k-point space was discretized
with 7×7×7 Monkhorst–Pack mesh [13], the plane-wave
basis set had the kinetic energy cutoff of 60 Ry.
In order to model the crystal lattice with various silicon
concentration two supercells (each of them composed of
2×2×2 cubic elementary cells) were determined for both
the ZB and the RS structures of GaAs. The real high-
pressure GaAs-II phase was replaced by the rock-salt one
because of the tiny difference between their ground state
energies [14]. Simulation of silicon doping was realized by
the substitutional SiGa point defects for which the gal-
lium atoms were simply replaced by silicon ones. This
choice was motivated by the fact that the formation en-
ergy of SiGa is lower than the formation energy of SiAs
point defect. In that way, two different silicon concen-
tration n1, n2 (n1<n2) were defined by placing Si atom
in the (0.5, 0.5, 0.5)Ga and two Si atoms in (0, 0, 0)Ga,
(0.5, 0.5, 0.5)Ga positions, respectively. The elastic con-
stants of ZB lattice and equilibrium conditions for ZB
and RS lattices were also simulated for undoped GaAs.
The coordinates of the first and the second neighbors of
the silicon atoms were relaxed until the atomic forces de-
creased below the threshold of 10−4 Ry/a.u.3.
TABLE I
Results of ab initio calculations of lattice constant
a [Å], elastic constants cij [GPa], shear moduli G
[GPa], Poisson ratio ν, and critical shear stress for
homogeneous nucleation of dislocation τc [GPa].
undoped n1 n2
a 5.613 5.619 5.622
c11 116.68 108.38 98.18
c12 52.66 52.01 51.11
c44 59.19 47.88 36.82
G 48.32 40.00 31.50
ν 0.23 0.26 0.30
τc 5.22 4.42 3.58
The cubic lattice parameter a corresponding to a min-
imum of the ground state energy E and the elastic con-
stants cij were calculated for zinc-blende GaAs by appli-
cation of volumetric, tetragonal, and rhombohedral lat-
tice distortions. The results of ab initio calculations (re-
fer to Fig. 2 and Table I) show that the lattice constant
of the ZB-GaAs slightly increases taking the values of
5.613, 5.619, and 5.622 Å for substitutional SiGa point
defect concentrations of n = 0, n1 = 7.1 × 10+20 and
n2 = 1.4×10+21 1/cm3, respectively. Simultaneously, the
values of all calculated elastic moduli decrease. In order
to estimate the critical shear stress τc for homogeneous
dislocation’s nucleation we used equation, applicable for
dislocations in form of circular loop: τc = 3G/(pie3)
(2− ν)/(1− ν), where G and ν mean shear modulus and
Poisson ratio, respectively. The calculated τc decreases
with an increase of the silicon concentration (Table I).
The effect of SiGa point defects on equilibrium of ZB
and RS phases of GaAs was analyzed on the basis of
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Fig. 2. Ab initio simulations performed for undoped
and silicon doped zinc-blende GaAs structure showing
an effect of volumetric, rhombohedral, and tetragonal
lattice distortions on the ground state energy. The in-
crease of silicon concentration results in “softening” of
the zinc-blende lattice.
Fig. 3. Effect of SiGa point defects concentration on
the ground state enthalpy of zinc-blende and rock-salt
structures of GaAs whose common value for particu-
lar value of the hydrostatic pressure defines the phase
equilibrium. The calculated equilibrium pressure is sup-
pressed by an increase of silicon doping.
Fig. 4. The interaction between point-defects and dis-
locations is considered within the classical theory of
elasticity. (a) The point defect is located in the ori-
gin of the coordinate system while the dislocation’s line
crosses the x–y plane at the point indicated by vec-
tor r. (b) Schematic of pinning phenomenon. An ex-
ternal shear stress σ results in force f = σb acting on
the unit length of the dislocation that bows out until
the force fL is in equilibrium with the line tension T :
σbL = 2T cosα.
EZB(V ), ERS(V ) relationships that describe variation of
the ground state energy with respect to the supercell vol-
ume. The hydrostatic pressure at the phase equilibrium
peq was estimated from the crossing point of HZB(V ) and
HRS(V ) graphs, where H = E + pV means the ground
state enthalpy. As shown in Fig. 3, the pressure peq de-
creases taking the values of 12.35, 11.34, 10.26 GPa for
increasing silicon concentration. The calculated values
are consistent with the results of other studies [15].
The nanoindentation experiments (Fig. 1) have shown
that the contact pressure at the onset of GaAs plastic
deformation decreases with an increase of Si doping. Un-
expectedly, the ab initio simulations suggested that this
effect can be driven by the phase transformation or the
homogeneous nucleation of dislocations as both the pres-
sure of ZB→RS transformation and the critical stress for
homogeneous dislocation’s nucleation decrease with in-
creasing silicon concentration. In view of these findings,
one cannot indicate the unique cause of the nanoinden-
tation induced plastic deformation of GaAs doped by sil-
icon. However, the dislocation activity includes not only
homogeneous dislocation nucleation but also the attrac-
tive interaction of dislocations with the point defects.
The energy of elastic interaction between the edge dis-
location and the point defect is given by [16]: Eint =
−βGb sin(θ)/r, where G is the shear modulus, b refers to
a magnitude of the Burgers vector, r and θ are cylindrical
coordinates of dislocation line as depicted in Fig. 4. The
β parameter takes positive value when an introduction of
the point defect causes an increase of the lattice constant,
which is, in fact (Table I), the case of SiGa impurity. The
attractive force F acting on dislocation is then charac-
terized by Fθ = −βGb cos(θ)/r and Fr = −βGb sin(θ)/r2
components and takes the maximal magnitude F = βG/b
for θ = pi/2 and in the vicinity of dislocation’s core i.e.,
for r = b. This is the force that should be defeated by
the external shear stress in order to release dislocation
line from the pinning Si atom.
Let us now assume L to be the average distance be-
tween dopants (Fig. 4). In order to break away the dis-
location from the impurity one should apply the shear
1130 A. Majtyka, R. Nowak, D. Chrobak
stress σc that satisfies the following equation: σcbL =
βG/b. This shows that σc should be proportional to
the shear modulus and inversely proportional to the av-
erage distance between point defects. Thus, neglecting
variation of b and β parameters with respect to dopant
concentration, the stress ratio σc1/σc2 = G1L2/(G2L1),
where the lower indices correspond to n1 = 7.1 × 10+20
and n2 = 1.4 × 10+21 doping levels. Using the Voigt
approximation of the shear modulus Gv and noting that
L1 = 2L2 one can write σc1 = 0.5σc2 i.e., the shear stress
required to move the edge dislocation from the pinning
atoms becomes greater for higher silicon concentration.
In contrast to just established behavior of σc, the pres-
sure peq at the onset of the ZB→RS transformation de-
creases (Fig. 3). Consequently, the result of nanoinden-
tation experiments (Fig. 1) can be explained in terms of
the phase transformation from semiconducting to metal-
lic structure of GaAs.
3. Conclusion
In summary, this letter confirms stimulated by silicon
decrease of contact stress at the onset of nanoindenta-
tion induced plastic deformation of GaAs crystal. The
computational analysis of silicon impact on dislocation
activity along with simulation of ZB and RS phase equi-
librium proved non-dislocation character of the elastic–
plastic transition in Si doped GaAs crystals.
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